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Abstract. Plasma membrane disruptions are resealed 
by an active molecular mechanism thought to be com- 
posed, in part, of kinesin, CaM kinase, snap-25, and 
synaptobrevin. We have used HRP to mark the cyto- 
plasmic site of a mechanically induced plasma mem- 
brane disruption. Transmission electron microscopy re- 
vealed that vesicles of a variety of sizes rapidly (s) 
accumulate in large numbers within the cytoplasm sur- 
rounding the disruption site and that microvilli-like sur- 
face projections overlie this region. Scanning electron 
microscopy confirmed that tufts of microvilli rapidly 
appear on wounded cells. Three assays, employing the 
membrane specific dye FM1-43, provide quantitative 
evidence that disruption induces Ca2+-dependent exo- 
cytosis involving one or more of the endosomal/lyso- 
somal compartments. Confocal microscopy revealed 
the presence in wounded cells of cortical domains that 
were strikingly depleted of FM dye fluorescence, sug- 
gesting that a local bolus of exocytosis is induced by 
wounding rather than global exocytosis. Finally, flow 
cytometry recorded a disruption-induced increase in 
cell forward scatter, suggesting that cell size increases 
after injury. These results provide the first direct sup- 
port for the hypothesis that one or more internal mem- 
brane compartments accumulate at the disruption site 
and fuse there with the plasma membrane, resulting in 
the local addition of membrane to the surface of the 
mechanically wounded cell. 
T  nE cell's remarkable ability to survive a plasma mem- 
brane disruption is widely appreciated by the exper- 
imental cell biologist. For example, cultured mam- 
malian cells recover rapidly from microinjection (Celis et 
al., 1984), syringe loading (Clarke and McNeil, 1992), and 
electroporation  (Knight and  Scruton,  1986),  three  tech- 
niques which produce disruptions in the plasma membrane 
in order to gain access to the cytosol of the living cell. 
This capacity for Surviving plasma membrane disrup- 
tion is, more importantly, a biological necessity for many 
cells in vivo. Plasma membrane disruption, termed "cell 
wounding", is a widespread, common, and normal event 
that occurs in many mechanically challenged mammalian 
tissues. Cell types known to be subject to wounding in vivo 
under physiological circumstances include skeletal muscle 
cells, cardiac muscle cells, epidermal cells, endothelial cells, 
and  gut epithelial  cells  (McNeil,  1993).  A  recent  study 
identified as wounded ~20% of the myofibers of exercised 
rat muscle (McNeil and Khakee, 1992) and ~20%  of the 
myocytes of unstimulated cardiac muscle  (Clarke  et  al., 
1995). This level rises to ~80% when heart rate and force 
of contraction is increased by administration of isoprotere- 
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nol (Clarke et al,, 1995). It therefore becomes of great bio- 
logical interest to ask: what are the cellular and molecular 
adaptations required of cells residing in mechanically inju- 
rious environments? Specifically, do cells utilize mechanisms 
that facilitate survival of a plasma membrane disruption? 
Survival of a plasma membrane disruption requires, in 
the first place, that the cell employ a rapid resealing mech- 
anism. Plasma membrane disruptions that remain open for 
greater  than ~15  s  (Steinhardt et  al.,  1994; our unpub- 
lished observations)  are  not survived by smaller  (fibro- 
blast or endothelial) mammalian cells. Presumably this is 
due to loss during this interval of vital molecular constitu- 
ents and, perhaps more importantly, to the influx of exog- 
enous Ca  2÷. Sustained elevation of intracellular Ca  2÷ con- 
centration above the normal level, ~10 -7 M, is lethal to 
cells (Lemasters et al.,  1987). Plasma membrane disrup- 
tions permit diffusion-mediated Ca  2÷ entry down an ap- 
proximately 10a-fold concentration gradient, resulting in a 
rapid and striking elevation of intracellular Ca  2÷ concen- 
tration (McNeil and Taylor, 1985; Steinhardt et al., 1994). 
Resealing of the erythrocyte plasma membrane and of 
manufactured lipid bilayers can be explained purely by ref- 
erence to thermodynamic principles: resealing removes hy- 
drophobic  domains of phospholipid molecules from the 
aqueous environment and is therefore the energetically fa- 
vored event. There is little reason to suspect that any addi- 
tional, active mechanism is either available or used for fa- 
cilitating resealing of either of these membrane systems. 
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cyte, e.g., sea urchin eggs and mammalian fibroblasts, suc- 
cessful resealing is an active process that employs a com- 
plex molecular mechanism (Steinhardt et al., 1994). Thus, 
injection of antibodies to kinesin and CaM kinase, as well 
as specific inhibitors of synaptobrevin and snap-25, all in- 
hibited resealing in these two cell types. Moreover it has 
been known  for some  time  that  exogenous Ca  2+  is  re- 
quired for resealing (Gingelt, 1970; Yawo and Kuno, 1985). 
These results suggested that resealing is  accomplished 
by an exocytotic mechanism resembling that which medi- 
ates neurotransmitter release (Steinhardt et al., 1994). Ac- 
cording to this hypothesis, resealing is initiated by calcium 
influx through the disruption, causing a local rise in cyto- 
solic Ca  2+  concentration and consequent local activation 
of CaM kinase, which is believed to promote the release of 
vesicles from actin filaments by phosphorylation of syn- 
apsin I (Robinson et al., 1994). Kinesin then powers deliv- 
ery of vesicles on a microtubule track to the site of mem- 
brane disruption. Finally, vesicle docking and fusion, i.e., 
exocytosis, mediated  by synaptobrevin, snap-25  (and  of 
course possibly other proteins; see for review Sollner and 
Rothman, 1994) occurs locally at the site of plasma mem- 
brane disruption. 
Undemonstrated, however, are several crucial elements 
of this hypothesis, including: (a) vesicle movement toward 
and accumulation around the disruption site; and (b) exo- 
cytosis  and  consequent  membrane  addition  to  the  dis- 
rupted plasma membrane. In order to provide direct evi- 
dence that vesicles accumulate at the disruption site and 
that membrane is added to the cell surface following dis- 
ruption, we developed a novel method for electron micro- 
scope visualization of the disruption site. We here show 
that  within  seconds  after suffering a  plasma  membrane 
disruption, endothelial cells accumulate a dense array of 
vesicles in the cytoplasm bordering on a  disruption site. 
Concomitantly at this site, dense tufts of microvilli or mi- 
crovilli-like evaginations of plasma membrane emerge on 
the cell surface. Quantitatively demonstrable exocytosis is 
induced immediately by wounding, and appears to be lo- 
calized to the disruption site. 
Materials and Methods 
Transient Disruption of Cell Plasma Membranes 
Bovine retinal microvascular endothelial (BRME)  1 cells (passage 32-36), 
the kind gift of Dr. Ruth Caldwell  (Medical  College of Georgia, Augusta, 
GA), and NIH 3T3 cells were grown as previously described (Clarke et 
al., 1995). Scratch loading, used here for wounding adherent cells, was car- 
ried out as described (Swanson and McNeil,  1987). Briefly,  cell monolay- 
ers (confluent) were scratched with a sterile 30-gauge  needle so as to de- 
nude narrow strips of cells  from the substratum. Syringe loading,  used 
here for wounding cells in suspension, was carried out in an automated sy- 
ringe loading device  designed to inflict a reproducible level of mechanical 
stress on cells (Clarke et al., 1994). Briefly, cells (~5 x  10  s per ml) in I ml 
culture medium were drawn up into and expelled from a sterile 1 ml sy- 
ringe through a sterile 30-gauge  needle by the action of a foot activated 
two-way valve under a constant pressure of 40 psi. When syringe loading 
was carried out on cell samples contained in a cuvette placed in a spectro- 
1. Abbreviations used in this paper: BRME, bovine retinal microvascular 
endothelial; SEM, scanning electron microscopy; TEM, transmission elec- 
tron microscopy. 
fluorometer, the 30-gauge  needle was mounted at the end of a 4-cm long, 
20-gauge hypodermic needle, so that a connection could be made at a dis- 
tance with the syringe mounted in the automated device  (see above). 
Electron Microscopy 
Cells  were fixed  at various intervals after  syringing by immersion in a 
formaldehyde-glutaraldehyde based fixative  (Ito and  Karnovsky, 1968) 
for 30 min at room temperature, postfixed in 1% OsO4 at room tempera- 
ture for 1 h, dehydrated in ethanol, transferred into isoamyl acetate, and, 
for scanning electron microscopy (SEM) critical point dried.  For transmis- 
sion electron microscopy (TEM), the samples were processed as above, 
except that the cells were syringed in the presence of culture medium con- 
taining horseradish peroxidase (10 mg/ml; Boehringer Mannheim, India- 
napolis, IN) and were stained with 1% uranyl acetate for 1 h after osmica- 
tion followed by embedding in epon-araldite. Ultra thin sections were cut 
on a Reichert Ultracut E ultramicrotome (Reichert Scientific Instruments, 
Buffalo,  NY) and stained with a fresh mixture of equal parts acetone and 
saturated uranyl acetate. TEM was performed with a Zeiss EM902,  SEM 
with a Hitachi S-800. 
Spectrofluorometric Analysis of Exocytosis 
Cells were incubated for 12 h with 4 ml of fresh culture medium contain- 
ing FM 1-43 or FM 4-64 (Molecular Probes, Eugene OR) at a concentra- 
tion of 2.5 txg/ml, trypsinized,  washed by centrifugation, and dispensed in 
culture medium (2  x  105 per ml) into sterile tubes and kept on ice until 
use. Cells were syringed as described above at 37°C (unless otherwise indi- 
cated)  while fluorescence was monitored in a spectrofluorometer (SLM 
Instruments, Inc., Urbana, IL). FM 1-43 fluorescence was excited  at 488 
nm (4-nm bandwidth) and  emission measured at  565  nm (4-nm band- 
width).  A  background  of  slowly  declining  fluorescence  (>100  times 
slower than response) was subtracted from FM 1-43 records before plot- 
ting the traces. 
Flow Cytofluorometry 
Flow cytometric analyses were performed on a Coulter Epics Elite flow 
cytometer (Coulter Electronics Inc., Hialeah, FL). Excitation of FDx fluo- 
rescence was provided by a 488-nm argon ion laser line, and emission de- 
tected with a 525-nm bandpass filter in place.  Excitation of FM 4-64 fluo- 
rescence was provided by a  596-nm  argon ion laser line,  and  emission 
measured using a 674-nm bandpass filter.  Cells  labeled with FM 4-64 as 
described above were syringed in culture medium containing fluorescein 
dextran  (70,000 mol wt, 2 mg/ml; Sigma Chem. Co.,  St.  Louis, MO) or 
were incubated with the dextran but not syringed (as a control for pinocy- 
tosis of the probe). Approximately 15 s after syringing,  or at later inter- 
vals, the ceils were diluted into a large volume of ice cold PBS to halt fur- 
ther exocytotic/endocytotic events,  and kept  on ice  until  flow analysis. 
Forward  angle  scatter,  right  angle  scatter  and  fluorescence  intensities 
were recorded from 10,000-20,000  cells whose forward angle scatter fell 
above a threshold used to distinguish live from dead cells. 
Image Analysis Quantitation of FM 4-64 
and FDx Staining 
Cells labeled with FM 4-64 as described above were syringed in the pres- 
ence of fluorescein dextran (150,000, 10 mg/ml in PBS; Sigma Chem. Co.) 
and, approximately 15 s later, were chilled by dilution in ice cold PBS. Af- 
ter mounting the cells in microscope slide wells covered with a coverslip, 
the FM 4-64 (rhodamine-like) and FDx (fluorescein) fluorescence of cells 
present in numerous (~50) randomly selected fields  was imaged (Dage- 
MTI 772 CCD camera) over a five minute period and stored on optical 
disc  until  analysis.  Quantitative,  paired measurements of FM 4-64  and 
FDx fluorescence were then made from each of 150 ceils in the randomly 
collected  fields using an Image One image analysis system (Universal Im- 
aging Corp.) by methods previously described (Clarke et al., 1993), except 
that whole cell fluorescence was selected for measurement by drawing a 
measurement field defined by the outermost boundary of the FM 4-64 flu- 
orescence. The correlation coefficient  and  statistical  significance  of the 
data thus obtained were determined using InStat software. 
Confocal Microscopy of FM 4-64 Staining 
Cells were prepared as above for flow cytometry, except that we waited 
for 30 min rather than 15  s before chilling  on ice after wounding. After 
mounting in slide  wells (as above) images of fluorescein (488 nm excita- 
The Joumal of Cell Biology, Volume 131, 1995  1738 tion) and FM 4-64 (525 nm excitation) fluorescence were acquired using a 
confocal laser microscope (Bio-Rad 600 using the COMOS software pack- 
age and a K2 dual wavelength filter). 
Results 
Visualization of the Cytoplasmic Region Adjacent to a 
Plasma Membrane Disruption Site 
Direct electron microscopic visualization of a plasma mem- 
brane disruption, which should be visible as a break in the 
continuity of the  characteristic 'unit' membrane,  is theo- 
retically achievable. In practice however we were  unable 
to observe such breaks, probably because: (a) only a small 
number of disruptions may be induced per cell by syring- 
ing or scratching; and (b) the proportion of the total sur- 
face area occupied by each a break is very small. To over- 
come this problem, we wounded cells by syringing them in 
the presence of HRP and then rapidly fixed them at inter- 
vals of 5-30 s thereafter by squirting them directly out of 
the syringe needle into a large volume of fixative. HRP la- 
beling was  absent  in  cells not  wounded  by the  syringing 
Figure 1.  Dense accumulations of vesicles and microvilli are localized to sites of plasma membrane disruption. Endothelial cells were 
drawn up into and ejected from a 30-gauge syringe in the presence of horseradish peroxidase (HRP). On the fourth ejection the cells 
were squirted directly into fixative and prepared for transmission electron microscopy. (A) In some cells, localized cortical staining with 
HRP (arrowheads) identified sites at or near a plasma membrane disruption that was either still open at the time of fixation or had re- 
cently been resealed. (B) At such sites, transmission electron microscopy revealed striking accumulations of cytoplasmic vesicles (see 
area circumscribed by arrowheads). (C) Overlying these dense vesicular accumulations, we frequently observed numerous microviltar 
profiles (arrowheads), Note that a portion of another cell (asterisk), not labeled with HRP, possesses a low density of cortical vesicles by 
comparison to the HRP labeled zone just described. (D) Immediately adjacent to the plasma membrane surrounding the disruption site 
are numerous, small vesicles (arrowheads; diameter ~65 nm). 
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fer membrane disruptions (Fig. 1 A, arrowheads). Regions 
of heavy labeling within  a  cell identify cytoplasmic sites 
that, at the time of fixation, are most accessible to the ex- 
ogenous HRP.  Since  this  tracer can  enter the cytoplasm 
only  via  a  plasma  membrane  disruption,  sites  of  heavy 
HRP  labeling were  interpreted  as  being  at  or  nearby a 
plasma membrane disruption site. 
Electron  microscopy revealed that  regions  of syringed 
endothelial cells labeled heavily with HRP invariably con- 
tained a striking accumulation of vesicles (Fig.  1 B). This 
accumulation was observed in cells fixed as soon as 5 s af- 
ter syringing, indicating that vesicles had been mobilized 
to  this  region  very rapidly. The  vesicles were  of a  large 
range of sizes (65-nm-2-Dxm diam) but alike in that most 
contained  no  inclusions  or  internal  structure  visible  by 
electron microscopy. Most common were the smaller vesi- 
cles (~65 nm) which were often clustered immediately be- 
neath the plasma membrane. Mitochondria,  endoplasmic 
reticulum  and  other  readily identifiable  organelles  were 
excluded from zones of vesicle accumulation. Vesicle ac- 
cumulations  were not observed in regions of endothelial 
cell cytoplasm lacking HRP labeling. 
Visualization of Cell Surface Events Induced 
by Wounding 
A  typical result of exocytosis, which adds additional mem- 
brane to the plasma membrane, is the appearance of mi- 
crovilli on the cell surface (Mazia et al., 1975; Eddy et al., 
1978; Mia et al., 1994). To determine if microvilli appeared 
on  endothelial  cells  after  wounding,  we  syringed  cells, 
fixed  them  at  various  intervals  (5-30  s)  thereafter,  and 
then examined them using scanning electron microscopy. 
Control endothelial cells, that were not syringed, displayed 
few microvilli or similar cell surface protuberances (Fig. 2 
A). Syringed endothelial cells by contrast were decorated 
with dense tufts of microvilli and/or microvillus-like protu- 
berances (Fig. 2, B and C). Wound-induced microvillar ap- 
pearance was not limited to the endothelial cell wounded 
in suspension by syringing: it also occurred in adherent en- 
dothelial  cells wounded  by scratching  (data  not  shown). 
These patches  of microvilli resided  at or nearby sites of 
plasma membrane disruption.  Thus  in  some cells  exam- 
ined by TEM, HRP labeled sites of vesicle accumulation 
(see above) were observed to be capped by characteristic 
microvillar profiles (Fig. 1 C). 
Quantitative Demonstration of 
Wound-induced Exocytosis 
The above morphological results suggested that exocytosis 
Figure 2.  Tufts of microvilli (and other variously shaped surface 
projections)  rapidly appear on the surfaces  of endothelial  ceils 
suffering  plasma membrane disruptions.  Endothelial  cells were 
syringed, fixed 5 s thereafter and prepared for scanning electron 
microscopy. (A) Control cells trypsinized but not subject to syringe 
loading  typically possess few surface  projections.  (B) Wounded 
cells, by contrast,  displayed  tufts of microvilli and other surface 
projections.  (C) A higher magnification  view of a wounded  cell, 
showing a region with a high density of microvilli-like, and other 
surface projections. 
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tex of the wounded cell near the plasma membrane and 
microvilli appeared on the wounded cell surface. To quan- 
titatively demonstrate wound-induced exocytosis, we em- 
ployed the lipophilic, membrane dye FM 1-43 in a recently 
developed fluorometric assay for exocytosis (Meffert et 
al., 1994). Cells were incubated in the dye, resulting in its 
endocytosis and labeling of the luminal leaflet of endoso- 
mal vesicle membranes. Upon washing, following this en- 
docytic pulse, the cells were wounded by syringing. Loss of 
cellular fluorescence in this assay is due to exocytotic dye 
delivery into the  outer leaflet of the plasma  membrane 
and  thereafter into  the  aqueous  medium  where  it  loses 
(~50-fold)  fluorescence  (Meffert  et  al.,  1994).  Fluores- 
A 
z 
@ 
C 
100 
80 
O 
O 
x  60 
5  4o 
Z 
o  20 
t  t  t 
3  4  5 
[]  Live 
•  Unknown 
•  Dead and Dieing 
B 
100 
95  :EOTA 
Ca2+  "-  90 
C 
•  ~  85 
T~ 
6  ~  80 
U.  75 
""  70 
Cold  EGTA  Mg  Ca  Ca+Mg 
65 
" 
•  i  A  8 
•  _  O 
=''1' 
0  2 
•  1 
'  '  I  '  '  '  I  '  '  '  I  '  '  '  I  '  '  '  I 
4  6  8  10  12 
Number  Strokes 
D 
z 
Wound 
o',1  1'  1'o  1~o  lo~o 
FDx Intensity(525nm) 
PT"A w~d 
i'm}  NO  Wound 
o 
0.1  A 
1  10  100  1000 
FM4-64 Intensily(675nm) 
Figure 3.  Plasma membrane disruption induces a Ca2+-dependent exocytotic event involving a component of the endosomal compart- 
ment. (A) Endothelial cells endocytosed the lipophilic plasma membrane dye, FM 1-43, and were then wounded by syringing while the 
fluorescence of the population was continuously monitored in a fluorometer. Uptake into the syringe of the FM labeled cells produced 
an artifactual downwards deflection on the record, as the fluorescent cells were removed from the cuvette, and expulsion an artifactual 
upwards deflection as the cells along with some bubbles were returned to the cuvette. Note that with each syringe stroke (arrows: num- 
bered), there was an immediate decrease in the remaining, non-artifactual fuorescence on the chart record. This decrease was blunted 
when the syringing was carried out in Ca2+-free medium (containing EGTA). (B) From records such as that shown in A, the percentage 
change in fluorescence signal was calculated, relative to the signal measured at the experiment's beginning, after each of 10 syringe 
strokes (wounding events). The results of four separate experiments are shown, two using endothelial cells (circles, squares) and two 
NIH fibroblasts (triangles, diamonds). Wounding reproducibly reduced fluorescence intensity in all four populations, and the decrease 
measured was reproducibly larger when Ca  2+ was present in the medium (filled symbols) than when it was absent (empty symbols). (C) 
Endothelial cell damage caused by syringing is greater in CaZ+-free medium than in Ca2+-containing medium. Cells were syringed in: (a) 
medium chilled on ice (Cold); (b) medium chelated with EGTA (5 mM) (EGTA); (c) medium containing added Mg  2+ (5 mM) but not 
Ca  z+ (Mg); (d) medium containing Ca  2÷ (5 mM) but not Mg  2÷ (Ca); or (e) medium containing both divalent cations (Ca+Mg), and the 
relative numbers of live and dead cells (detected by staining with ethidium homodimer) was determined by flow cytofluorometry. (D) 
Wound-induced exocytosis can also be measured by flow cytometry. Endothelial cells endocytosed the plasma membrane dye, FM 4-64 
(rhodamine like excitation, emission characteristics), and were then wounded by syringing in the presence of fluorescein dextran. Flow 
cytometry was used to measure the FM 4-64 and the dextran fluorescence of control, undisturbed cells and syringe-wounded cells. (Left) 
The fluorescence of 66% of the cells of the population syringed in the presence of the fluorescein dextran fell above a threshold set to 
exclude 95%  of the population  (pinocytosis control)  that was not syringed, indicating that  a  majority of the syringed cells suffered 
plasma membrane disruptions. (Right) The FM fluorescence of the wounded cells was reduced by comparison to undisturbed controls. 
Identical results were observed in separate experiments. 
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ringing in a spectrofluorometer. As can be seen in Fig. 3 A, 
FM 1-43 fluorescence decreased with each syringe stroke 
or  wounding  event.  This  result  was  highly reproducible 
(Fig.  3 B)  and the  decrease measured was always larger 
when Ca  z+ was present in the medium than when it was 
absent (Fig. 3, A and B). This blunting of the fluorescence 
decrease in the absence of Ca  2÷ was not due  to reduced 
cell damage in the Ca2÷-free medium. On the contrary, we 
found that the amount of fluorescence in a low speed su- 
pernatant, containing endosomes/lysosomes released from 
damaged cells, was twofold higher in ceils syringed in Ca  e÷- 
free medium (data not shown). Moreover, the amount of 
cell death induced was ~twofold higher in the Cae+-free 
medium than in Ca2÷-containing medium (Fig.  3  C).  Sy- 
ringing  in  the  cold similarly blunted  the  florescence de- 
crease but caused increased cell damage (data not shown). 
Thus the decrease in fluorescence measured in the pres- 
ence of Ca  2÷ is due to exocytosis and not cell damage. 
We next used flow cytofluorometry and another mem- 
ber of the FM family of membrane dyes, FM 4-64, to mea- 
sure wound-induced  exocytosis. As just described above, 
the cells were pulsed with dye and then chased in dye-free 
medium. In this experiment however they were syringed in 
the presence of FDx, a marker for a survival plasma mem- 
brane disruption event. Flow measurement revealed that 
"~65% of the cells, as judged by their increased FDx fluo- 
rescence, suffered survival plasma membrane disruptions 
as a result of syringing (Fig. 3 D, left). The FM 4-64 fluo- 
rescence  of this  population of wounded  cells was repro- 
ducibly  decreased  relative  to that  of controls  (Fig.  3 D, 
right), indicating increased exocytosis in the wounded pop- 
ulation. Ca2÷-free medium and cold both blunted this de- 
crease (data not shown). 
Finally, we used image analysis to ask whether, as would 
be predicted for wound-induced exocytosis, the degree of 
fluorescence labeling with FM 4-64 (a negative marker of 
exocytosis) is inversely correlated with the degree of fluo- 
rescence labeling with FDx (a positive marker of cell wound- 
ing). We found a highly significant inverse correlation be- 
tween these two fluorescence parameters (Fig. 4). That is, 
exocytosis was quantitatively correlated with the extent of 
wounding incurred. 
Wound-induced Domains of Exocytosis 
FM dyes have been used also as a microscopic marker for 
exocytosis (Betz  et  al.,  1992;  Terasaki,  1995).  When  we 
viewed wounded  cells, identified  by cytoplasmic labeling 
with fluorescein dextran, we observed a striking pattern of 
fluorescence  staining.  Highly localized  domains  of cyto- 
plasm were devoid of punctate FM 4-64 staining (Fig. 5). 
This pattern of labeling suggests that a highly localized bo- 
lus  of fluorescence-depleting exocytotic events occurs in 
the wounded cell. It was not observed in control cells that, 
as indicated by a lack of fluorescein dextran staining, had 
not suffered a plasma membrane disruption. 
Cell Size Apparently Increases after Wounding 
A predicted consequence of exocytosis is an increase in cell 
surface area and hence size. In fact, flow cytometry mea- 
surements revealed that cell foward scatter increases over 
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Figure 4.  The amount of exocytosis induced  by syringing corre- 
lates inversely with the degree of membrane disruption  suffered 
by the cell. Endothelial cells were loaded endocytotically  with 
FM 4-64 and then syringed in the presence of fluorescein dextran 
(FDx). Quantitative, paired measurement of the fluorescence  of 
each dye on a cell by cell basis indicated a highly significant (P < 
0.001, n = 150) negative correlation between FM 4-64 (rhodarnine) 
and FDx (fluorescein)  fluorescence. 
time after syringing (Fig. 6). As forward scatter is propor- 
tional  to cell size  (Shapiro,  1988),  this  suggests  that cell 
size  increases  after wounding.  However, changes  in for- 
ward scatter can also be due to other morphological alter- 
ations, such as the addition of micorvilli to the cell surface. 
Discussion 
Our results, and those of Bi et al. (1995;  in this issue), pro- 
vide crucial support for the hypothesis that an exocytosis- 
based mechanism is used to reseal plasma membrane dis- 
ruptions.  A  first  prediction  of  this  hypothesis  (Fig.  7), 
confirmed in this study using TEM to visualize and HRP 
to mark the disruption site, is that vesicles accumulate in 
the cytoplasm surrounding a  disruption site. The vesicles 
observed by TEM were not derived from a rapid burst of 
endocytosis induced by the membrane disruption event. If 
this had been the case, then they would have been labeled 
(lumen) with HRP, which was present at the time of mem- 
brane disruption. Therefore they were derived from a pre- 
existing vesicular population, probably, in part, the endo- 
somal-lysosomal compartment (see below). 
A  second important prediction of the exocytosis-based 
model for resealing--that exocytosis is evoked by plasma 
membrane  disruption--has  also  been  confirmed  in  the 
present  study.  Decreases  in  FM  dye  fluorescence  have 
been shown previously to accurately monitor exocytosis of 
synaptic vesicles (Meffert et al., 1994). Here quantification 
of FM dye fluorescence by three separate methods (spec- 
trofluorometry, flow cytofluorometry and quantitative video 
microscopy) revealed a disruption-induced decrease in this 
exocytosis-dependent parameter. Importantly, the quanti- 
tative video data (Fig. 4) showed that exocytosis is quanti- 
tatively correlated with the size of the disruption suffered. 
The FM dye assay used here (Meffert et al.,  1994)  re- 
ports exocytosis of endocytosed dye. Therefore one vesic- 
ular compartment involved in disruption-induced exocyto- 
sis  is  the  endosomal/lysosomal  compartment.  Since  the 
FM probes used in this study were endocytosed by cells 
over a  prolonged  period  (hours),  we  cannot  distinguish 
which subcompartments of the endosomal/lysosomal com- 
partment are involved. The large variation in the size of 
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recruitment is not a  highly selective process, and possibly 
involves most of the (variously sized) subcompartments of 
the endosomal/lysosomal compartment (Watts and Marsh, 
1992).  Moreover,  it  is  possible  that  other  membranous 
compartments are also involved in resealing. Kinesin may 
power radial movements of the endosomal/lysosomal com- 
partment (Hollenbeck and Swanson, 1990), and so the in- 
volvement of this compartment in  resealing is not  unex- 
pected.  As  synaptic  vesicles  are  formed  by  endocytosis 
(Miller and Heuser, 1984), involvement of the endosomal/ 
lysosomal compartment is further consistent with the syn- 
apse-like model for disruption-induced resealing. 
A  third prediction of the exocytosis model for resealing, 
documented  here,  is  that  membrane is  rapidly added  to 
the cell surface following a plasma membrane disruption. 
Thus, SEM and TEM showed that dense tufts of microvilli 
rapidly appear on the surface of cells suffering plasma mem- 
brane disruptions and that these microvilli were localized 
to disruption  site.  Moreover, flow cytofluorometric mea- 
surements of cell forward scatter showed that this parame- 
ter, an accepted measure of cell size, increased over time 
after wounding.  Exocytotic addition of membrane to the 
plasma membrane would be predicted to increase cell sur- 
face area and hence size. 
Figure  5.  Localized  domains 
of  exocytosis  of  the  endocy- 
totic  compartment  appear  in 
wounded  cells.  Shown  are 
paired,  confocal  microscope 
images of the rhodamine  and 
fluorescein  fluorescence  of 
each of two representative  en- 
dothelial  cells, non-wounded 
(A  and  B)  and  wounded  (C 
and D), prepared as above in 
Fig. 4. (A) A  cell that escaped 
membrane  disruption  during 
syringing  is  not  labeled  with 
fluorescein dextran.  (B)  It dis- 
plays homogeneous  FM  label- 
ing  throughout  its  cytoplasm, 
except  in  the  nucleus  (N), 
which excludes the FM-labeled 
vesicular  population.  (C)  A 
cell that suffered  a membrane 
disruption  during  syringing  is 
identified  by its cytosolic  (but 
not  nuclear,  N)  labeling  with 
fluorescein  dextran.  (D) It dis- 
plays  a  zone  (arrowheads) of 
cytoplasm free of the  FM  la- 
beled vesicles. 
Finally, we observed depletion of FM 1-43 labeling from 
remarkably discrete zones of the  cytoplasm of wounded 
cells (Fig. 5). This suggests that a localized bolus of exocy- 
tosis is induced  by wounding.  This localized rather  than 
global exocytosis is highly consistent with the localized ac- 
cumulation of vesicles and microvilli that we observed us- 
ing  EM  to  visualize  the  disruption  site.  It  is  moreover 
strikingly consistent with the results of Bi et al. (accompa- 
nying paper), who, using an FM assay (Terasaki, 1995) that 
is essentially the  converse of ours, observed the  appear- 
ance of fluorescent "rings" on the plasma membrane, in- 
dicative of exocytosis, locally at sites of plasma membrane 
disruption in fertilized sea urchin eggs. It should be noted 
that localized, regulated exocytotic reactions are known to 
be evoked by the localized application of agonist in mast 
cells that, like endothelial cells, do not possess a polarized 
exocytotic apparatus (Lawson et al., 1978). 
The mechanism used by giant cells to reseal extremely 
large  disruptions  may differ, in  some respects, from that 
used by smaller cells resealing smaller disruptions, such as 
those studied  here.  Giant axons of squid and earthworm 
require hours rather than seconds to reseal after transec- 
tion, which produces a  membrane disruption hundreds of 
microns in diameter (Krause et al., 1994). Transection in- 
duces a CaZ+-dependent, localized contraction (min) at the 
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Figure 6.  Cell diameter increases over time after syringe wound- 
ing. Endothelial cells were subject to syringing and at various in- 
tervals (5 s, 1 rain, 30 rain)  thereafter placed on ice to prevent 
further  membrane  fusion  events.  As  controls,  an  undisturbed 
population (NW) was measured, as well as a population wounded 
in the cold to prevent all post wound membrane fusion events. 
Flow cytometry was then used to measure the forward scatter, an 
accepted index of cell diameter, of 10,000 ceils in each popula- 
tion.  Live cells were distinguished  from dead using  ethidium ho- 
modimer as a stain for dead cells.  The forward scatter (propor- 
tional to cell diameter) of the wounded cells increased over time 
after syringe wounding.  Identical results were obtained in sepa- 
rate experiments. 
cut end of the axon (Gallant, 1988), as well as the accumu- 
lation (min to h) of vesicles there (Fishman et al., 1990). It 
may therefore resemble morphologically, albeit on a much 
slower  scale,  the  vesicle  accumulation  process  described 
here for the wounded endothelial  cell. Surprisingly, reseal- 
ing of the squid giant axon is incomplete after 2.5 h, based 
on electrophysiological data (Krause et al., 1994). There is 
no evidence that transection evokes exocytosis in the giant 
axon. Rather it has been proposed  that accumulated  vesi- 
cles form a  "plug" at the transected  end, rather than con- 
tributing  via  exocytosis  to  reformation  of  plasma  mem- 
brane continuity there (Krause et al., 1994). 
It is possible that the  actin-based  cytoskeleton, in addi- 
tion to the tubulin-based cytoskeleton, participates in reseal- 
ing. The dense array of filamentous actin typically present 
in the cell cortex is hypothesized  to act as a  physical bar- 
rier  that  normally  prevents  vesicles  from  reaching  the 
plasma  membrane  (Muallem  et  al.,  1995).  Considerable 
experimental evidence suggests that Ca2+-activated disso- 
lution of this  barrier,  mediated  by gelsolin  or proteins  of 
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Figure 7.  The model for resealing of the disrupted plasma mem- 
brane. See text for explanation. 
similar function,  is a  necessary prelude  to the  completion 
of exocytosis, which requires that vesicles are positioned in 
close proximity to the plasma membrane. Therefore, Ca  2÷ 
influx through the plasma membrane disruption may cause 
a localized dissolution of cortical actin cytoskeleton, clear- 
ing  the  way  for  kinesin/tubulin-based  vesicle  transport 
there.  Additionally,  it  should  be  pointed  out  that  Ca  e+- 
mediated  solation  of the  actin-based  cytoskeleton  is cou- 
pled, according to one hypothesis, to its contraction  (Tay- 
lor and Fechheimer,  1982).  In the  giant ameba (Jeon and 
Jeon, 1975), amphibian eggs (Gingell, 1970), and coencytic 
algae (LaClaire,  1992),  filamentous arrays of actin appear 
at  sites  of plasma  membrane  disruption,  and  contraction 
mediated by such filaments is proposed to aid in closing of 
the disruption.  As mentioned  above, transection of the gi- 
ant axon elicits a contraction at the transection site. There- 
fore disruption-induced  actin contractions,  provoked again 
by Ca  2+ influx, may be involved in resealing, especially of 
large disruptions occurring in giant cells. 
We  can  at present  only  speculate  how  localized  mem- 
brane  addition  to the  disrupted  plasma membrane  facili- 
tates resealing.  One obvious possibility is that disruption- 
induced  addition  constitutes  a  kind of "patching"  activity. 
Since membrane lipids are laterally mobile, they would be 
expected  to  flow  over  the  disruption  site,  promoting  re- 
sealing.  However  it  is possible  that  this  would  not  occur 
rapidly  enough  to  insure  cell  survival.  Erythrocytes  take 
minutes  to  hours  to  reseal  disruptions  produced  by  os- 
motic lysis (Johnson et al., 1975; Lee et al., 1985), compared 
to the seconds taken by fibroblasts to reseal mechanically 
induced  disruptions  (Steinhardt  et al., 1994).  In cells more 
complex than the erythrocyte, leakage of cytoskeletal and 
other  cytoplasmic contents  through  the  disruption  (Jeon 
and Jeon, 1975) might create an obstacle to lipid flow across 
the disruption  site, delaying  resealing.  Patching  therefore 
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cess beyond the rate dictated by lipid flow alone. 
Membrane addition might also conceivably have a post- 
resealing  function.  A  disruption-induced  increase  in  cell 
surface area might, for example, increase a crucial mem- 
brane-based survival activity, such as the pumping out of 
the cytosol of Ca  2+, and/or other ions, that entered through 
the disruption. In any case, the exocytosis induced by plasma 
membrane disruption may be  an evolutionarily primitive 
form of this  important cell  activity.  Resealing  may have 
preceded communication or chemical modification of the 
external environment as the original function of exocytosis. 
The frequent and widespread occurrence in vivo of plasma 
membrane disruption, or cell wounding, raises a host of bi- 
ologically  interesting  questions  in  addition  to  those  ad- 
dressed  in  the  present  study.  Disruptions,  for  example, 
provide a  route for molecular traffic into  and out of the 
cell that is independent of the classical routes, endocytosis 
and exocytosis. Growth factors that lack a signal sequence, 
such as basic and acidic fibroblast growth factor, are ex- 
ported by this route, explaining  how localized growth re- 
sponses and consequent tissue adaptation are initiated by 
the  imposition  of  increased  mechanical  load  (McNeil, 
1993;  Clarke et al., 1995).  Unexplored however is the na- 
ture of other forms of molecular traffic proceeding through 
plasma membrane disruptions,  as well as the role of this 
molecular traffic in the biology of cells residing in mechan- 
ically challenging  environments. We  have moreover only 
begun to examine the molecular biological consequences 
of cell wounding. Unknown for example are its effects on 
gene expression and on consequent cell and tissue adapta- 
tion to mechanical load, a frequently changing variable in 
many tissues, such as skeletal muscle, cardiac muscle, skin 
and bone. 
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